The temperature dependence of the crystal structure and the thermoelastic properties of SrCeO 3 have been determined from Rietveld refinement of high resolution, neutron time-of-flight powder diffraction data collected in 5 K intervals between 1273 K and 1723 K. No evidence was found for critical behaviour in the amplitudes of the modes that soften in zone boundary phase transitions in perovskite-structured phases suggesting SrCeO 3 may remain orthorhombic, space group Pbnm from 1.2 K up to the 1 atm melting point of 2266 K. The temperature variation of the crystal structure has been determined from mode decomposition techniques and the structural evolution has been inferred from the temperature-dependences of the spontaneous shear strain and the order parameter associated with the anti-phase tilt. Thermoelastic properties have been derived from the temperature variation of the unit cell, isobaric heat capacity, and atomic displacement parameters and shows good agreement with earlier work carried out on the lightly doped system SrCe 0.95 Yb 0.05 O  ( ~ 3). Temperaturedependent corrections for the bond valence parameters for strontium and cerium are reported.
Introduction
The study of the structural and thermoelastic properties of perovskite-structured oxides as a function of temperature and pressure has relevance in fields as diverse as mineralogy 1 and geophysics 2 , through to materials science 3, 4 and condensed-matter physics 5 . As an example, the physical properties of SrCeO 3 have been extensively investigated: (i) as a model phase to characterize fission product inclusions in high burn up UO 2 nuclear fuel 6 , (ii) as the host structure for hydrogen-based fuel cells 7 , and (iii), due to its potential to act an isostructural clone phase for the dominant phase of the Earth's lower mantle, perovskite-structured MgSiO 3 8 .
The crystal structure of SrCeO 3 at ambient temperature in space group Pnma (or alternative settings of the same space group, Pbnm, or Pmcn) has been determined from powder X-ray diffraction data 9 , and this structure was refined to higher precision in the anion coordinates from time-of-flight, powder neutron diffraction data 10 . The temperature dependence of the crystal structure of the protonic conducting phase SrCe 0.95 Yb 0.05 O  ( ~ 3) 11 has been studied in 25 K steps between 373 K and 1273 K 12 finding no evidence for critical behaviour in either of the two primary order parameters i.e. no evidence for incipient structural phase transitions, in agreement with conclusions drawn from isobaric heat capacity measurements made at higher temperatures. Vibrational Debye temperatures calculated from fitting the temperature-variations of the isotropic, or isotropic equivalent atomic displacement parameters, has shown that the two cations have similar characteristic temperatures (Sr 222(1) K; Ce 265(2) K) and that these are significantly separated in energy from those determined for the two crystallographically inequivalent anion sites (O1, 4c, 494(4) K; O2, 8d, 479(3) K) 12 . The Debye temperature of SrCeO 3 has been estimated at 359 K from measurements of the longitudinal and transverse sound velocities 6 , however this value was calculated assuming a bulk modulus of 64 GPa, which is far removed from the value determined directly from the equation-of-state (110.1 GPa) 13 . The isobaric heat capacity has been determined on several occasions; between 5 K and 1500 K 14 , 298.15 K and 1700 K 15 , and 270 K to 900 K 16 , with no evidence being found for structural phase transitions in the temperature interval 5 K -1700 K. Fitting the isobaric heat capacity to a variety of Debye-based vibrational density of states models 17 has shown that a single Debye moment is insufficient to characterise the material, and that below 300 K, SrCeO 3 behaves as a Debye-like solid, but with two characteristic temperatures, 206(6) K, and 604(7) K 12 . The observation of two characteristic Debye temperatures in the approximated vibrational density of states, and two, wellseparated vibrational Debye temperatures for the cations, and anions, appears to be common in perovskite-structured compounds being observed in CaTiO 3 18 , LaGaO 3 19 and BaCeO 3 20 suggesting a commonality in the phonon density of states for simple ionic perovskite-structured phases.
Despite the clear lack of evidence from heat capacity measurements for structural phase transitions up to 1700 K, HRTEM images of SrCeO 3 synthesised at 1673 K 21 indicate the presence of anti-site disorder, or possibly ferroelastic twin domains which would be expected in a structural phase transition in which the crystal system had changed. There remains, therefore, an ambiguity as to whether SrCeO 3 undergoes a high temperature structural phase transition between 1273 K and 1700 K.
As the order parameters for structural phase transitions in simple perovskite-structured compounds are proportional to the amplitudes of the symmetry-adapted basis-vectors of the aristotype phase that transform as the irreducible representations (irreps) 4 R  and/or 3 M  , and moreover, as these only involve displacements of the anions 22 , it is necessary to use neutron, not X-ray diffraction, for detailed structural characterisation. In addition, the spontaneous strains that develop at these zoneboundary phase transitions in perovskite-structured phases are generally small, and hence it is equally important that data are collected at high real space resolution. In this investigation of the thermoelastic properties and potential high temperature structural phase transitions in SrCeO 3 , we have utilised the advantages of neutron diffraction over X-ray diffraction, and an instrument with an almost Qindependent resolution (Q = 4sin/) of 5  10 -4 .
Experimental Synthesis
Polycrystalline SrCeO 3 was prepared by solid state reaction of SrCO 3 , and CeO 2
10
. Starting materials were mixed, pre-reacted at 1273 K and then ground and re-fired at 1473 K, and again at 1673 K. Finally the product was ground to <100 m and fired at 873 K.To produce a suitable sample for neutron diffraction, SrCeO 3 powder was uniaxially compressed at a pressure of 100 MPa to produce pellets of diameter 10 mm and height 12 mm. The pellets were then sintered in air at 1673 K for 4 hours; heating and cooling rates were 180 K h -1 .
High resolution powder neutron diffraction
High resolution powder neutron diffraction data were collected using the HRPD diffractometer of the ISIS spallation neutron source in time-of-flight range 30 -130 ms which corresponds to a d-spacing range of 0.6 -2.6 Å in the backscattering detector bank. The pelleted sample was located in a thin foil vanadium sample container in the hot-zone of a modified ISIS furnace equipped with vanadium elements and heat shields. The furnace was pumped down to a vacuum of ~ 5  10 -4 mbar and the sample slowly heated to 1273 K over a two hour period. The sample was then equilibrated at this temperature for two further hours before commencement of data collection. Data were collected at 1273 K for 80 Ah (approximately 2 h), then in 5 K steps to 1723 K with a protocol of 4 short data collections (15 Ah, 12 Ah or 10 Ah, duration depending on temperature) followed by a longer data collection (80 Ah, 60 Ah or 50 Ah, duration depending on temperature). An equilibration period of 5 minutes was applied once the sample had reached the set point temperature, and the temperature variation during data collection was  0.1 K at all temperatures.
The neutron diffraction data from two detector banks with mean Bragg angles of 86.164 and 45 were focused, normalised to the incident flux distribution and corrected for wavelength-dependent detector efficiency. The reduced data were further corrected for self-shielding for a sample with measured number density 8.4  10 -3 Å -3 , calculated cross sections of 21.89 b for scattering, and 1.91 b at a wavelength of 1.98 Å for wavelength-dependent absorption. Two histograms of data in the timeof-flight range 32 -120 ms, corresponding to d-spacing ranges of 0.62 -2.4 Å at 2 = 168.329, and 0.88 -3.39 Å at 2 = 90, were used in profile refinement, as implemented in the GSAS package 23 .
Results and discussion
To test for the presence of structural phase transitions, each of the ninety one data sets was examined for changes in the multiplicities of the pseudocubic h00, hh0 and hhh reflections, and secondly, for the presence of superlattice reflections at the R, M, and X points of the pseudocubic Brillouin zone. The former is diagnostic of changes in the pseudocubic metric, the latter for changes in the octahedral tilt patterns. Taken together, both can readily be related to the true unit cell metric and space group of a new hettotype phase 24, 25 . No evidence was found for changes in the fundamental reflection multiplicities, and no class of superlattice reflection was lost in the temperature interval 1273 K to 1723 K, hence the space group of SrCeO 3 (Pbnm) is unchanged at high temperature from that determined under ambient conditions 9, 10 . The 1273 K data set of SrCeO 3 was fitted first using the structural model of SrCe 0.95 Yb 0.05 O  ( ~ 3) that had been determined from data collected at the identical temperature 12 . Convergence from this trial solution was rapid for a model with isotropic atomic displacement parameters for the cations, and anisotropic atomic displacement parameters for the anions. A typical result from the longer data collections is listed in Table 1 , and the quality of fit is illustrated in Figure 1 , for data collected at 1573 K for 50 Ah; estimated standard deviations in the fractional coordinates for the shorter data collections are of the order of 1.5 larger than those listed.
Thermal expansion behaviour
The temperature-variation of the lattice parameters, the unit cell volume, and their respective thermal expansion coefficients is illustrated in Figure 2 . All three axes exhibit positive thermal expansion coefficients over the whole temperature interval, and in the case of the a, and c axes, the temperaturedependence is close to linear except at the highest temperatures. By contrast, the b axis, which frequently exhibits anomalous behaviour in temperature in perovskite-structured phases (in the Pbnm setting of the space group) 26 , shows a marked non-linear behaviour that begins at ~1500 K. All data were fitted to an empirical quartic polynomial expansion in temperature, l(T) = l 0 + l 1 T + l 2 T 2 + l 3 T 3 + l 4 T 4 (1273 K  T  1723 K), shown as the full black line on the Figure, with the fitting coefficients, l i , detailed in Table 2 . The relationship between the axial thermal expansion coefficients derived for space group Pbnm with ideal octahedra ( a (d ln(a)/dT) =  c (d ln(c)/dT) +  b (d ln(b)/dT)), which was found to be close to exact in SrCe 0.95 Yb 0.05 O  ( ~ 3) 12 , is found to break down above 1273 K in SrCeO 3 , however, for all temperatures measured,  a >  c >  b . The mean axial and volumetric thermal expansion coefficients for the temperature range 1273 K  T  1723 K and their associated standard uncertainties are listed as footnotes to Table 2 .
Spontaneous strain
The analysis of the superlattice reflection intensities, and the lack of changes in the fundamental reflections, indicate that there are no structural phase transitions in the interval 1273 K to 1723 K, however the thermodynamic evolution of the Pbnm phase of SrCeO 3 can be inferred from the temperature dependence of the spontaneous strain 27, 28 . To allow the simple use of the tabulated symmetry-adapted form of the strains 29 , it is necessary to transform the lattice parameters to the standard setting of the space group (Pnma: lattice parameters differentiated from Pbnm by primed symbols in the expressions shown below). Furthermore, as there is no aristotype phase in this system to allow extrapolation of the reference lattice parameter, a 0 (T), into the hettotype phase, we make the approximation that the reference lattice parameter can be calculated from the experimentally determined unit cell volume ((V(T)/4) 1/3 ). As a result of this approximation, the volume strain, e a , is an inaccessible parameter. Using a Landau free energy expansion (G) to 6 th order in the order parameters (q 2 , q 4 ), quadratic in strain (e i ) and linear in order-parameter-strain-coupling 29 , three symmetry adapted strains can be calculated; the volume strain, e a , the orthorhombic strain, e ox , and the tetragonal strain e tx . The symmetry adapted strains are given by combinations of the linear strain components e 1 , e 2 , e 3 as 29 For the space group Pnma, e ox = 0, additionally, there exists a shear strain e 4 , and e a cannot be determined from our data for the reasons outlined above.
On the basis that the derivative of the free energy with respect to strain is zero, the strain/order parameter relationships are given by 28, 29     2  4  4  0  2  6  7  44  2  5  5   2  2  3 2  4 4  tx  0  0  11  12   2 4
for order parameters q 2 (related to the in-phase tilt), and q 4 (related to the anti-phase tilt), coupling constants  i and bare elastic constants of the (hypothetical) aristotype phase, 0 ij C .
The essential features of the temperature variations of the tetragonal strain e tx and the shear strain e 4 are illustrated in Figure 3 along with the temperature dependence of the order parameter q 4 and the evolution of the order parameter q 2 with q 4 . Order parameters were extracted from the unit cell parameters and fractional coordinates using mode decomposition 30 , as described in the subsequent section describing the temperature-dependence of the crystal structure. From the Figure it can be seen that: (i) the order parameter associated with the in-phase tilt, q 2 , varies linearly with that associated with the anti-phase tilt, q 4 , and (ii), that the square of q 4 varies linearly with temperature. Substitution of these expressions into the strain/order parameter relations allows them to be fitted as a function of temperature, as shown by the full lines on this Figure. Interpretation of the tetragonal strain is complicated due to the lack of data at higher temperature, and the clear absence of structural phase transitions to higher symmetry phases. For the isostructural compound SrZrO 3 , analysis of the evolution of the tetragonal strain from phases with space groups Imma at temperatures above 1023 K, and I4/mcm above 1343 K indicates both transitions are related to the aristotype phase by the same instability with tricritical evolution 29, 31 . The deviation of the tetragonal strain in the Pnma phase from the trend developed in the Imma phase was found to be consistent with tricritical character at the Pnma -Imma phase transition 29 q is linear, as shown in Figure 3c , and hence the evolution of the crystal structure as given by the Landau free energy G behaves as if there exists a (potentially hypothetical) high temperature second order phase transition, and that 6 th order terms in the free energy expansion of the order parameters are small enough to be ignored.
Crystal structure, cation bond valence sums, and atomic displacement parameters
It has been well-established that the structural changes in any perovskite-structured compound as a function of any thermodynamic variable are most easily appreciated using the technique of mode decomposition 30 , 32-33 rather than the earlier semi-empirical methods that have been proposed 34 . Furthermore, mode decomposition is the only technique to correctly determine the magnitudes of the order parameters (tilt angles) free from the effects of octahedral distortive modes 26 . In particular, and of relevance to this work, it affords a simple means of explaining the structural variations (bond lengths, polyhedral volumes) for perovskite-structured materials, and this has been carried out for a number of temperature, and pressure-dependent studies of compounds with space group Pbnm (Pnma) 12, 13, 18-20, 26, 35 .
For each temperature, the amplitudes of the seven symmetry-adapted basis-vectors of the (hypothetical) aristotype phase of SrCeO 3 that are consistent with space group Pbnm [36] [37] [38] were determined from the unit cell parameters and fractional coordinates 30 , and these are illustrated in Figure 4 with low-order polynomials fitted to these data, shown as the full black lines. Displacements associated with the anion are shown in Figures 4a,b , those for the cations as Figures 4c-g: amplitudes related to the primary order parameters (anti-phase tilt, and in-phase tilt) are illustrated in Figures   4c,d . With the exception of the displacement that transforms as the irrep 2 M  , which is only found to
show an appreciable magnitude in systems with Jahn-Teller active B-site cations 39 , all other mode amplitudes are all found to reduce with increasing temperature indicating a structural evolution to higher symmetry. Additional evidence for the likely absence of displacive phase transitions in SrCeO 3 at temperatures significantly above 1748 K can be seen from the temperature-dependence of the two displacements that transform as the irreps 4 R  and 3 M  which show no evidence for critical softening in the temperature range investigated. Estimation of any potential phase transition temperature by extrapolation of these two mode magnitudes to zero amplitude shows it to occur significantly above the experimental 1 atm. melting temperature of 2266 K 6 .
Bond lengths for the octahedral CeO 6 octahedron, and the 8-fold coordinated Sr cation polyhedron at 1573 K are tabulated in Table 1 , and shown graphically for the SrO 8 polyhedron in Figure 5 ; Atom labelling is identical to earlier work carried out on KCaF 3 30 .
The full temperature-dependence of the five symmetry independent bond lengths in the irregular SrO 8 polyhedron are illustrated in Figure 6 , where the full black lines on each of these figures shows the predicted behaviour of the bonds 30 based on the quartic parameterisation of the unit cell constants, and the low-order polynomial parameterisation of the seven symmetry-adapted basisvector amplitudes. Agreement between the observed bond lengths and the calculated temperature variation is excellent in all cases. At 1573 K, the Sr -O bond linear thermal expansion coefficients are in the order Sr -O1(1) (10.12  10 -5 K -1 ) > Sr -O2(1) (5.22  10 -5 K -1 ) > Sr -O2(5) (3.29  10 -5 K -1 ) > Sr -O2(3) (2.84  10 -5 K -1 ) > Sr -O1(3) (2.38  10 -5 K -1 ), with that associated with Sr -O1(1) being found to be on average a factor of two greater than the other Sr -O bond expansivities over the whole temperature range. Analysis of the contributions of the individual modes to the large expansion coefficient of this bond shows it can be attributed to the sympathetic displacements associated with both the cation and anion modes that transform as the irrep 5 X  , and that the contribution from the b axis is significantly smaller. Despite the magnitude of the linear thermal expansion associated with the a axis and the sympathetic displacement associated with the anti-phase tilt ( 4 R  ), the bond expansivity of Sr -O1 (3) is significantly reduced due to large antipathetic contributions from both the anion and cation displacements that transform as the irreps 5 R  and 5 X  . The cation -anion O2 bonds in perovskite-structured phases are generally more difficult to parameterise than those to O1 as they have components in 3 dimensions due to them lying out of the mirror plane. Furthermore, in materials with space group Pbnm that exhibit strong critical behaviour in the tilt modes, it is generally found that the axial thermal expansions, the tilt modes, and cation displacement modes dominate the anion -O2 bond expansion behaviour. In the case of SrCeO 3 at high temperature the behaviour of these bonds are dominated by the cation displacement mode that transforms as the irrep 5 X  and the two tilt displacements that transform as 5 R  and 5 X  . The contribution from the thermal expansion of the lattice parameters to the three Sr -O2 symmetry independent bond lengths, although positive, is found to be significantly smaller. In the case of Sr -O2(1), the cation displacement ( 5 X  ) and the in- The bond valence sum 40 at the cation cavity site, calculated using the ambient temperature bond valence parameter ( 0 R = 2.118 Å), shows the Sr cation to be strongly underbonded (~1.4), with the degree of underbonding apparently increasing with increasing temperature (~1.2 at 1723 K).
Allowing the bond valence parameter to be temperature dependent 40 By contrast to the large bond thermal expansion coefficients of the cavity site, those associated with the octahedral site are significantly smaller, a factor of 5 -10 lower. The temperaturedependence of the three Ce -O bond lengths, and their predicted behaviour derived from mode decomposition 30 , are illustrated in Figure 7 . The use of the ambient temperature bond valence parameter for Ce 4+ VI ( 0 R = 2.028 Å 41 ) shows the octahedral site to be strongly underbonded (3.3 at 1273 K), however the degree of underbonding at higher temperatures is not as severe as that observed for Sr as the Ce -O bond expansivities are significantly smaller. Carrying out the identical temperature correction as applied to the Sr cation (Ce: 0 R = 2.08 Å and a = 1.4  10 -5 Å K -1 ) removes the underbonding and its apparent increase with temperature, with a resultant mean value of 3.996(13) v. u. in the temperature range 1273 K  T  1723 K. The bond valence parameters and their temperature-corrected values for both cations are shown in Figure 8 .
In keeping with the low linear thermal expansion coefficients of the individual Ce -O bond lengths, the volume expansion coefficient of the CeO 6 octahedron is also small, less than 1.0  10 -5 K -1 below 1600 K, however above this temperature, the volume expansivity rapidly rises, reaching 4.4  On the assumption that the polyhedral temperature dependencies do not change with increasing temperature, the octahedral volume expansivity is predicted to exceed that of the SrO 8 polyhedron at a temperature of ~1923 K.
In the crystallographic study of the Yb-doped SrCeO 3 between 373 K and 1273 K, the isotropic atomic displacement parameters for the two cations were found to exhibit a linear temperature dependence 12 as would be expected for harmonic behaviour at temperatures greater than the corresponding vibrational Debye temperatures. For the anions, the atomic displacements were represented by the equivalent isotropic displacement parameters, and these exhibited a more quadratic temperature dependence that was attributed to the averaging of the markedly anisotropic principal axes magnitudes. Despite this observation, the vibrational Debye temperatures were derived from the linear gradients of the displacement parameter magnitudes vs temperature, and showed a clear difference in characteristic temperature between the cations (Sr: 222(1) K, Ce/Yb: 265(2) K) and the anions (O1: 494(4) K, O2: 479(3) K). The atomic displacement parameters for SrCeO 3 for this study are illustrated in Figure 9 ; isotropic for the cations, isotropic equivalent for the anions. The temperature dependence for Sr at these higher temperatures is now more quadratic, whilst that for the Ce remains linear in temperature. Assuming Debye-like behaviour, in the high temperature limit the vibrational Debye temperatures for the cations has been calculated as 181(1) K for Sr, and 236(3) K for Ce. However, it is clear from Figure 9 that the isotropic equivalent atomic displacement parameters for the two anions are far from linear due to strongly anisotropic vibration, and hence estimation of the vibrational Debye temperatures from these data would not be appropriate from these data. If the temperature dependence of the principal axes magnitudes of the anisotropic atomic displacement parameters are considered separately (u ii´) , each is found to be essentially linear, permitting evaluation of a vibrational Debye temperature for the three perpendicular components. For anion O1, u 11´: 296 (4) observations have been made concerning the differences in the cation and anion vibrational behaviour in CaTiO 3 18 , LaGaO 3 19 , BaCeO 3 20 , and NaMgF 3 26 suggesting that this may be universal behaviour in simple perovskite-structured materials.
The observation of approximately equal vibrational Debye temperatures for the cations well separated from those of the anions with values are in accord with fitting the isochoric heat capacity to the two-term Debye model of Barron 17 . Debye temperatures of 206(6) K, and 604(7) K were found for SrCeO 3 12 using this method. The two mean higher characteristic temperatures found by fitting the atomic displacement parameters may be evidence for anharmonic vibrations in the anions in SrCeO 3 at these higher temperatures. We interpret these results as suggesting the vibrational density of states for SrCeO 3 can be approximated by the sum of two "Debye-like" terms rather than the modified Debye model of Barron 17 which permits the longitudinal and transverse speeds of sound to be different.
To our knowledge, the full phonon density of states for SrCeO 3 has not yet been calculated, and hence this conclusion remains speculation to be verified or disproven at a later date.
Thermodynamic Grüneisen parameter
Assuming a Grüneisen approximation to the zero-pressure equation of state and a Debye internal energy function, to first order the Grüneisen parameter () can be approximated by at high temperatures by 0 B K dV 3NK dT   42 where K 0 is the isothermal bulk modulus, and N is the number of atoms in volume V. For SrCe 0.95 Yb 0.05 O  ( ~ 3) the average value of the Grüneisen parameter between 373 K and 1273 K was calculated as 1.48 12 , although it was noted in this work that the Debye approximation had broken down as the volume expansion coefficient was markedly non-linear. To derive a more realistic estimate of the Grüneisen parameter, the thermodynamic Grüneisen parameter ( th ) for SrCe 0.95 Yb 0.05 O  ( ~ 3) was evaluated from the molar volume (V m ) and volume expansivity () of this phase coupled with measurements of the isobaric heat capacity (C P ) and bulk modulus (assumed temperature independent) of SrCeO 3
Over the temperature interval 373 K -1273 K, the thermodynamic Grüneisen parameter of SrCe 0.95 Yb 0.05 O  ( ~ 3) was found to monotonically increase from 1.35 -1.53 with average value of ~1.41 in agreement with the simpler approximation of Debye-like behaviour.
Extending this analysis to the current study would clearly be inappropriate as the magnitude of the bulk modulus would be expected to be significantly lower than that measured at room temperature, and it remains debatable whether the estimation from the previous analysis is valid for temperatures much greater than 773 K. In the absence of direct measurements of the softening of the bulk modulus of SrCeO 3 at high temperature, we have calculated its temperature variation using analytical expressions derived by Garai and Laugier 43 , including the assumption that the Anderson-Grüneisen constant () is given by dK 0 /dP -1 44 , which in the case of SrCeO 3 is 3 13 . In this model, the temperature dependence of the bulk modulus is given by
where K 0 is the isothermal bulk modulus at room temperature. Figure   10 illustrates the temperature-dependence of the thermodynamic Grüneisen parameter for 
Conclusions
SrCeO 3 is one of the rare examples of a perovskite-structured compound that exhibits octahedral tilting without undergoing structural phase transitions with increasing temperature. The temperature range that it remains in the same space group, Pbnm, 1.2 K -1723 K, is probably the largest that has been experimentally determined for a perovskite-structured compound, and hence its potential as a clone phase to infer the behaviour of the lower mantle phase MgSiO 3 remains high. The lack of critical behaviour in the amplitudes of the modes that are proportional to the two symmetryindependent order parameters suggests that SrCeO 3 may remain orthorhombic up to the melting point, although the possibility of first order phase transitions at higher temperature obviously cannot be discounted. Evaluation of the spontaneous shear strain e 4 as a function of temperature is indicative of a structural evolution in a second order manner with a hypothetical aristotype structure existing above the 1 atm melting point. The evolution of the crystal structure is dominated by the two cation displacement modes, and to a lesser extent, the two octahedral tilt modes.
Within a simple modified Debye approximation, at low temperatures SrCeO 3 behaves as though it has two characteristic temperatures in the vibrational density of states, and this behaviour has been found to continue to very high temperature where vibrational Debye temperatures for the cations and anions remain well separated in energy. Over the temperature range 200 K -1200 K, the thermodynamic Grüneisen parameter for SrCeO 3 shows on a small temperature variation (1.2 -1.4), however at temperatures above 1200 K it is found to increase rapidly due to the plateauing of the isochoric heat capacity whilst the molar volume, and the linear thermal expansion coefficient are increasing in a non-linear manner. Figure 1a illustrates the fit to the high resolution backscattering bank, Figure 1b the fit to the high count-rate 90 bank. Observed data as dots, fitted data as the full line, reflection markers as ticks below the data. The difference plot (observed -calculated) is shown below the reflection markers. Fig. 2 The temperature dependence of the lattice parameters (Figure 2a-c) , unit cell volume Figure  2d ), and their corresponding thermal expansion coefficients for SrCeO 3 between 1273 K and 1723 K. For the a, and c axes, the temperature variation is approximately linear, however the b axis shows a more marked non-linear behaviour starting at ~1550 K. Full lines show the fit to these data based on a quartic parameterisation in temperature as described in the text. The thermal expansion coefficients, shown by the dash-dot line, are calculated from the quartic coefficients. are fits to the expressions described in the text. The variation of e 4 with temperature suggests the structure is evolving in a continuous (second order) manner towards the aristotype phase, however this transition is likely to be above the 1 atm. melting point. The temperature variation of the bond lengths within the CeO 6 octahedron. Figure 7a is to anion O1, within the mirror plane of the space group, Figure 7b -c are to the anion O2 in the general equivalent position. Full lines show the predicted behaviour of the bond lengths bases on the polynomial parameterisation of the lattice parameters and the mode amplitudes 35 . Bond length variations within the CeO 6 octahedron are significantly smaller than those associated with the SrO 8 polyhedron. Fig. 8 The bond valence sums for the cations in SrCeO 3 before, and after, temperature correction using the model of Brown 40 . Fig. 9 The isotropic (u iso ) and isotropic equivalent (u eq ) atomic displacement parameters for the cations, Figure 9a , and the anions, Figure 9b , for SrCeO 3 between 1273 K and 1723 K. The atomic displacement parameters for the cations exhibit an approximately linear temperature dependence with derived vibrational Debye temperatures of 181 K for Sr, and 236 K for Ce. By contrast, those for the anions show a strong quadratic temperature variation, however, the principal axes magnitudes of the anisotropic atomic displacement parameters are closer to linear permitting a set of vibrational Debye temperatures to be calculated. Fig. 10 The temperature dependence of the thermodynamic Grüneisen parameter for SrCeO 3 between 6 K and 1500 K. Results below 300 K have not been corrected for the temperature dependence of the bulk modulus due to the low value of the thermal expansion coefficient, results between 373 K and 1273 K are derived from data collected on SrCe 0.95 Yb 0.05 O  ( ~ 3) assuming the ambient temperature bulk modulus of SrCeO 3 corrected for temperature using the method of Garai and Laugier 43 . The full line shows a fit to the volume dependence of the thermodynamic Grüneisen parameter described in the text. Estimated standard deviations associated with fitting coefficients: l 0 ~3%, l 1l 4 ~10%
Figure Captions
Average thermal expansion coefficients (1273 K  T  1723 K):  a = 2.18(30)  10 -5 K -1 ,  b = 1.09(50)  10 -5 K -1 ,  c = 1.62(34)  10 -5 K -1 ,  V = 4.90(1.10)  10 -5 K -1 
